Genetic studies are revealing the pathway for RNAmediated gene silencing. Short RNA molecules are the key, giving sequence specificity for RNA degradation and mediating communication within and between cells; these short RNAs are common to transcriptional and post-transcriptional silencing pathways.
Both forms of silencing seem to be the result of inherent mechanisms for protecting plants against mobile or invading DNA -for example, transposable elements or the T-DNA of Agrobacterium -or RNA viruses. Plants are not alone in their capacity for transgene silencing; both forms of silencing occur in flies and fungi, where it is known as RIP or quelling, while nematodes exhibit posttranscriptional silencing, generally referred to as RNA interference (RNAi). A clearer picture of the mechanisms and relationships of the different types of transgene silencing is beginning to emerge from a number of recent studies [2] [3] [4] [5] [6] [7] [8] . Some of these studies [2] [3] [4] [5] have enhanced our understanding of the steps within the post-transcriptional silencing pathway, and others [6] [7] [8] have demonstrated that the two forms of silencing may be mechanistically linked.
Molecular mechanisms of transgene silencing
In plants, transcriptional silencing is associated with DNA methylation, specifically within the promoter region, and condensation of the chromatin that overlies the transgene sequences [1] . This methylation often occurs when there are multiple-copy insertions of a transgene at linked or dispersed locations within the genome. Examples have been reported where a transcriptionally silenced transgene can trans-inactivate incoming transgenes with homologous promoter sequences. These observations led to the suggestion that DNA-DNA pairing between homologous transgene sequences induces methylation, which can be transferred to other homologous transgenes [9] . Transcription is blocked either directly by promoter methylation or indirectly through changes in chromatin structure.
In post-transcriptional silencing, the mRNA of the silenced gene is degraded, while the other mRNAs in the cell are unaffected. Double stranded (ds)RNA molecules, especially those in the form of self-complementary 'hairpins', direct the sequence-specific degradation. Such RNAs can be produced either from transgenes designed to encode dsRNAs, or from transgenes that integrated as inverted repeats and so produce self-complementary RNA by readthrough transcription [1] . Post-transcriptional silencing is also induced by RNA virus infection [10] , presumably due to the production of dsRNA during viral replication [2] . Silencing can be induced by other factors, however, as some post-transcriptionally silenced transgenes lack self-complementarity and have not integrated as inverted repeats [11] . Nevertheless, this pathway is also believed to pass though a dsRNA step to direct RNA degradation [2, 12] .
Host proteins in sequence-specific RNA degradation
The isolation of mutants defective in post-transcriptional silencing has identified a number of host-encoded proteins involved with this process in the fungus Neurospora crassa, the nematode Caenorhabditis elegans, the plant Arabidopsis thaliana and the alga Chlamydomonas reinhardtii (Table 1 ). In the first three species, silencing has been shown to be inactivated by mutation of either a putative RNA-dependent RNA polymerase [2, 3, 13, 14] or a protein with homology to eIF2C [4, 15, 16] , a protein thought to be involved in controlling initiation of translation [17] . Interestingly, mutants of two of the eIF2C-like proteins, RDE-1 of C. elegans and AGO1 of Arabidopsis, are also defective in aspects of development, suggesting that post-transcriptional silencing may also be a means for controlling expression of endogenous genes [16, 18] .
Mutations of either a helicase-like protein or an RNaselike protein (Table 1) have also been found to inactivate RNA-mediated silencing in C. elegans, Neurospora and Chlamydomonas [5, 19, 20] . As yet, homologues of these proteins have not been identified in plants, but searching the Arabidopsis genome-sequence database has revealed a number of candidates with either helicase and/or RNAse domains. The most intriguing of these is CAF1 [21] , which has RNA helicase, RNAse III and dsRNA-binding domains. It is probably only a matter of time before the plant homologues are identified through mutagenesis.
The identification through mutagenesis of an RNA-dependent RNA polymerase, a helicase and a nuclease is not surprising, as early models for post-transcriptional silencing predicted a role for some or all of these proteins. A revised model for RNA-mediated silencing that accommodates these proteins is shown in Figure 1 . The eIF2C-like protein might interact with the nuclease/helicase complex, guiding it to RNAs and blocking their translation. An intriguing component of this pathway is SGS3, a protein identified in Arabidopsis mutants defective in RNA-mediated silencing [3] . SGS3 has no recognised motifs or matches with other sequences in the database, leaving its function as a complete mystery. It may now be time to return to biochemical analyses to determine whether these proteins act alone or as part of a complex. The in vitro system developed for RNAi from Drosophila may prove to be the most amenable for these analyses [22] ; indeed partial purification of RNAi competent extracts has identified a nuclease with an essential RNA component [23] .
DNA methylation and chromatin structure DNA methylation and chromatin structure play an integral role in transcriptional silencing, where the promoter and sometimes the coding region of silenced transgenes are densely methylated. Methylation of coding sequences is frequently associated with post-transcriptional silencing but, until now, no role for methylation has been demonstrated. In a paper recently published in Current Biology, Morel et al. [7] provide evidence that DNA methylation and/or chromatin structure also play a part in post-transcriptional silencing. Two Arabidopsis mutants were used to examine the role of DNA methylation and chromatin structure in transgene silencing. DDM1 encodes a member of the SNF2/SWI2 family of chromatin remodelling proteins [24] ; although the function of DDM1 has not yet been fully elucidated, one effect of its mutation is to decrease DNA methylation. The second mutation decreases DNA methylation directly, as it partially inactivates METI, a DNA methyltransferase. Both mutations were found to cause demethylation and reactivation of a transcriptionally silenced 35SGUS transgene [7] .
More interesting are the observations Morel et al. [7] made on the effect of these mutations on a post-transcriptionally silenced 35SGUS transgene. Plants homozygous for the ddm1 mutation failed to establish silencing in 5-10% of progeny after one generation of selfing; after five generations of selfing, the proportion of plants in which silencing was not established had risen to 20%. In ddm1 mutants where silencing was established, however, it was maintained throughout the life of the plant. In contrast, in metI mutants, post-transcriptional silencing was established in 100% of progeny, but during growth of the mutant plants the maintenance of silencing was impaired, resulting in sectors where the 35SGUS transgene was reactivated. The effect of metI-induced demethylation was specific to the maintenance of silencing because silencing was re-established in the next generation.
These observations suggest that DNA methylation and/or chromatin structure play a part in both establishment and maintenance of post-transcriptional silencing. There are, however, some apparent contradictions; for example, 5-azacytidine-induced demethylation did not release post-transcriptional silencing in rice [25] . Similarly, RNA-mediated silencing in Neurospora was not impaired in a DNA-methylation-deficient mutant [26] . The mechanism(s) by which methylation or chromatin structure affects post-transcriptional silencing remains unclear. One possibility is that an altered methylation state or chromatin structure causes premature termination of transgene transcription. Truncated transcripts have been proposed to be a signal for post-transcriptional silencing [27] . However, coding sequence methylation does not generally cause premature termination of transcription [8, 28] . Perhaps metI and ddm1 mutants release post-transcriptional silencing by changing expression of other genes required for silencing, or by enhancing adventitious production of endogenous dsRNAs, which might disrupt silencing by saturating the dsRNAdegradation pathway [29] .
Short RNA molecules as mediators and intermediaries
The products of the RNA degradation associated with post-transcriptional silencing are short RNA molecules, R100 Current Biology Vol 11 No 3 21-25 bases in length [30] . These short RNA molecules may not only be the end-products of RNA-mediated silencing, but also the guides for RNA degradation [31] and the diffusable signal that triggers systemic silencing ( Figure 1 ). Two recent papers [6, 8] report evidence that these molecules might be triggers for RNA-directed DNA methylation. When RNA oligomers were derived from promoter sequences, through the production of a self-complementary RNA encoded by NOS promoter sequences, the resulting RNA-directed DNA methylation was found to be associated with transcriptional silencing [6] . But when RNA oligomers were derived from the coding region, methylation was targeted to this region, accounting for the association between post-transcriptional silencing and coding-sequence methylation [8] .
Wang et al. [8] used a chimeric transgene in which viral satellite sequences were fused at the 3′ end of the GUS gene. Infection of transgenic plants containing this transgene with a virus that can support replication of the satellite, resulted in the production of RNA oligomers with homology to the satellite and dense methylation of the satellite transgene. Viral, and therefore satellite, replication was phloem-limited, and yet the satellite transgene became methylated in almost every cell. This observation can be explained if one assumes that the satellite RNA oligomers move from cell to cell, supporting the notion that these short RNA molecules are also the signal for systemic post-transcriptional silencing. These molecules could also provide the intracellular signal for trans-inactivation seen in transcriptional silencing [6] .
A role in regulating plant development?
Plant viruses have been found to encode proteins that suppress post-transcriptional silencing, supporting the hypothesis that the process evolved as a mechanism to protect plants against virus infection (reviewed in [1] ). Different viral suppressors of post-transcriptional silencing target different steps in the pathway to silencing; for example, the Hc-Pro protein of tomato etch virus blocks the maintenance of silencing [1] , while the p25 protein of potato virus X, required for virus movement, blocks the systemic spread of silencing [12] . The independent evolution of mechanisms to suppress silencing suggests that there is a powerful selection for viruses that can overcome this host defence system. Investigation of the various viral suppressors provides another means to unravel the mechanism of post-transcriptional silencing, as well as the host proteins or signalling molecules involved.
One such study has identified a host protein, rgs-CaM, which interacts in a yeast two-hybrid system with the viral suppressor Hc-Pro [32] . Plants overproducing rgs-CaM were found to be defective in silencing, indicating that rgs-CaM is a component of a pathway for suppressing post-transcriptional silencing. Similarly, plants infected with potato virus X carrying the gene for rgsCaM showed a reversal of post-transcriptional silencing of a resident GFP transgene, similar to that seen in plants infected with virus coding for Hc-Pro. Hc-Pro regulates, directly or indirectly, expression of the rgs-CaM gene. The identification of plant proteins that suppress post-transcriptional silencing suggests that plants use sequence-specific RNA degradation [33] .
Conclusions
The degree of interest in RNA-mediated silencing can be measured by the recent proliferation of papers reporting major advances in our understanding of the phenomenon. The rapid advances in unravelling the mechanism of RNA-mediated silencing is the product of a cross-fertilization of ideas between researchers working on different organisms, as they race to identify the various components involved. The identification of mutants defective in RNAmediated silencing, and the subsequent cloning of the genes involved, has provided flesh to cover the bare bones of early silencing models. Further progress will come from biochemical analyses showing which of these proteins are part of the dsRNA-degrading complex. The similarity of the components required for RNA mediated silencing in different genera indicates that this is an ancient defence mechanism that evolved in an ancestral organism. The role of short RNA oligomers to provide sequence specificity for RNA degradation, as well as communication between cytoplasm and nucleus within a cell and between cells at distant locations, gives cause for thought as to what other roles RNA molecules may play in intracellular and intercellular communications.
